Abstract. Mutations in the SLC26A4 gene have been shown to cause a type of deafness referred to as large vestibular aqueduct syndrome (LVAS), whereas mutations in the GJB3 gene have been associated with nonsyndromic deafness. However, the clinical phenotypes of these mutations vary and remain to be fully elucidated. The present study performed genetic analysis of a Chinese family, in which the child was deaf and the parents were healthy. Sanger sequencing demonstrated that the affected individual harbored three heterogeneous mutations in the SLC26A4 and GJB3 genes, as follows: SLC26A4 IVS-2 A>G, SLC26A4 c.2168 A>G and GJB3 c.538 C>T. The affected individual exhibited hearing loss and was diagnosed with LVAS by computed tomography scan. The mother and father of the affected individual harbored the heterogeneous mutations of SLC26A4 IVS-2 A>G and GJB3 c.538 C>T, and the heterozygous mutation of SLC26A4 c.2168 A>G, respectively. Neither parents exhibited any hearing loss. The results obtained from the deaf patient provided genetic and clinical evidence that carrying combined heterogeneous mutations in the GJB3 and SLC26A4 genes may be involved in the etiology of severe hearing loss, of which the mechanism requires further examination.
Introduction
Deafness is the partial or total inability to hear (1) . In adults, it causes problems in communication (2) . In children, as well as problems in communication, deafness affects the development of language. Several factors may cause deafness (3, 4) , including genetic mutations, noise exposure, illness, toxic chemicals and aging. A substantial proportion of cases of deafness are caused by genetic mutations (4) (5) (6) (7) . Genetic deafness can be divided into two categories: Syndromic and nonsyndromic deafness. The clinical phenotypes of genetic deafness remain to be fully elucidated and the same mutation may result in different clinical phenotypes in different individuals.
Mutations in genes, including the GJB3 (8), GJB2 (9), SLC26A4 (10) and 12S RNA genes (11) , have been previously associated with genetic deafness. Large vestibular aqueduct syndrome (LVAS) is one type of genetic deafness that can be caused by genetic mutations in the SLC26A4 gene (12) . Conversely, mutations in the GJB3 gene have been associated with nonsyndromic deafness (DFNA2B), which is inherited in an autosomal dominant pattern (13, 14) . The clinical phenotypes, including age of onset and the hearing loss severity, of mutations in the GJB3 gene vary. Whether there is a correlation between genetic deafness and mutations in the GJB3 and SLC26A4 genes remains to be elucidated.
In the present study, mutations in the GJB3, GJB2, SLC26A4 and 12S RNA genes were screened in a family with genetic deafness. The screening identified mutations in the GJB3 and SLC26A4 genes of the deaf patient, from which the relative clinical information were examined and discussed. The results of the present study may enable the establishment of genetic counseling specific to deaf patients harboring mutations in the GJB3 and SLC26A4 genes.
Materials and methods
Patients and genomic DNA isolation. Whole blood samples were obtained from the study family at the First People's Hospital of Yunnan Province (Kunming, China) during their visit to the clinical center on 13th August 2013. The affected individual exhibited hearing loss, whereas neither the father nor the mother of the affected child showed signs of hearing Genotypes and phenotypes of a family with a deaf child carrying combined heterozygous mutations in SLC26A4 and GJB3 genes YUNLONG LI 1,2 and BAOSHENG ZHU Table I . Primers used for amplification of GJB2, GJB3, SLC26A4 and 12S RNA gene fragments. Author Polymerase chain reaction (PCR) amplification and sequencing. The GJB2, GJB3, SLC26A4 and 12S rRNA gene fragments were amplified using PCR. The primers used for amplification and sequencing of the fragments are shown in Table I and were obtained from the Beijing Genomics Institute (Shenzhen, China). The amplification of the fragments in the 12S rRNA gene referred to the descriptions by Wang et al (15) , and was performed in a 25 µl reaction mixture containing 10X LA PCR Buffer II (Mg 2+ Plus), 2.5 units of Takara LA Taq (Takara Biotechnology Co., Ltd., Dalian, China), 400 µM of each dNTP, 0.2 µM of each primer and 50 ng DNA. The following conditions were used for PCR amplification: Denaturation cycle at 94˚C for 1 min, followed by 30 cycles of denaturation at 94˚C for 30 sec and 65.6˚C for 5 min, and ended with a final extension at 72˚C for 10 min. Amplification of the GJB2, GJB3 and SLC26A4 gene fragments was performed in a volume of 25 µl containing 30 ng genomic DNA, 50 µM dNTP, 10X LA TaqTM PCR buffer, 2.5 units of Takara LA TaqTM and 0.2 µM of each forward and reverse primer. The PCR amplification for these gene fragments followed a denaturation cycle of 94˚C for 5 min, followed by 35 cycles of denaturation at 94˚C for 30 sec, annealing at 55˚C for SLC26A4 exon10, 58˚C for GJB3, 59˚C for SLC26A4 exon19, 63˚C for SLC26A4 intron7 and exon7+8, or 60˚C for GJB2, and extension at 72˚C for 30 sec for SLC26A4 exon10, 35 sec for SLC26A4 exon 19, 40 sec for SLC26A4 intron 7 and exon 7+8, 55 sec for GJB3 or 60 sec for GJB2, and ended with a final extension step at 72˚C for 7 min.
The PCR products were purified using a Genomic DNA Purification kit (cat. no. DP204-02; Tiangen Biotech Co., Ltd., Tiangen, China) and were sequenced using the sequencing primers (Table I) 
Results and Discussion
In the present study, the 12S rRNA gene, exons 7, 8, 10 and 19, and intron 7 of the SLC26A4 gene, and the entire Figure 1 . Sequencing results of a family with a deaf child (II:1, dark cycle) carrying heterozygous mutations in the SLC26A4 and GJB3 genes. Genomic DNA was isolated from whole blood samples and used for mutation screening. I:1 and I:2 represent the father and mother of the affected child, respectively. coding region of the GJB3 and GJB2 genes, were examined by direct sequencing in a Chinese family comprising a child with LVAS (Fig. 1) . The family was from the Yunnan province of southwestern China. Chromosome examination of the affected individual (subject II:1) showed no chromosome aberration (data not shown). The heterozygous mutations of the GJB3 and SLC26A4 genes in the family were identified (Fig. 1) . The affected individual (subject II:1) harbored the following heterozygous mutations of SLC26A4: IVS7-2 A>G and c.2168 C>T, and the GJB3 mutation, c.538 C>T. The age at onset of deafness was 4 years old. The mutations confirmed the clinical diagnosis following a computed tomography scan, since LVAS has been reported to be caused by compound mutations in SLC26A4 (IVS7-2 A>G and c.2168 C>T) (10, 12) . The mother of the affected individual (subject I:2) showed no hearing loss, but harbored heterozygous mutations of SLC26A4 (IVS7-2 A>G) and GJB3 (c.538 C>T). The GJB3 c.538 C>T mutation has been shown to be correlated with a form of nonsyndromic deafness, termed DFNA2B, which is inherited in an autosomal dominant pattern (13, 14) . The time of onset and clinical phenotype of deafness caused by the GJB3 c.538 C>T mutation varies in different individuals, 
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A and this may explain why subject I:2, who harbored the GJB3 c.538 C>T mutation, did not exhibit any hearing loss. The father of the affected individual (subject I:1) harbored heterozygous mutations of SLC26A4 (c.2168 C>T) and did not exhibit any hearing loss. These findings are consistent with reports that heterozygous mutations of SLC26A4 c.2168 C>T alone are unable to cause deafness.
In addition to the three mutations described above, no other common mutations associated with inheritable nonsyndromic deafness were identified in the fragments sequenced in the present study, including c.35delG, c.167delT,  c.176_191del16, c.235delC The present study also found a number of reported genetic variants of the GJB3 and GJB2 genes in the family examined, which were listed in the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/). These variants included rs41310442 in the GJB3 gene (subject I:1, CC; subject I:2, CT; subject II:1, CT) and rs138547875 in the GJB2 gene (subject I:1. AG; subject I:2, GG; subject II:1, AG). The SNPs did not result in the alteration of amino acids. The m.1736 A>G mutation in the 16S rRNA gene was found in subject I:1, whereas A was identified at this position in the codon of subjects I:1 and II:1.
Evolutionary conservation analysis showed that GJB3 180R and SLC26A4 723H were highly conserved in different vertebrate species ( Fig. 2A and B) . These results indicated that mutations in GJB3 180R and SLC26A4 723H may result in significant functional changes of these proteins. The splicing site mutation SLC26A4 IVS7-2 A>G can alter the normal splicing of SLC26A4 precursor mRNA (Fig. 2C) . SLC26A4 IVS7-2 A>G results in the deletion of exon 8 during splicing of the SLC26A4 precursor mRNA, as shown in Fig. 2C . Taken together, SLC26A4 IVS7-2 A>G and c.2168 C>T, and GJB3 c.538 C>T disrupt the normal function of SLC26A4 and GJB3 respectively.
In the present study, the affected individual with LVAS harbored three heterozygous mutations of SLC26A4 IVS7-2 A>G, SLC26A4 c.2168 C>T and GJB3 c.538 C>T. LVAS can be caused by the combined heterozygous mutations of SLC26A4 IVS7-2 A>G and c.2168 C>T. Whether the GJB3 c.538 C>T mutation can increase or decrease the hearing loss caused by SLC26A4 IVS7-2 A>G and c.2168 C>T mutations remains to be elucidated. The affected individual (subject II:1) was examined at the onset time by multiple auditory steady-state evoked responses (ASRR), otoacoustic emission (OAE) and auditory brainstem response (ABR) assessments. In the ASRR test, the right ear passed at 500 and 1,000 HZ, and the auditory thresholds were 80 and 120 dBHL respectively. The right ear showed no response to 2,000 and 4,000 HZ. The left ear only passed at 4,000 HZ, with an auditory threshold of 110 dBHL. The left ear showed no response to the tests at 500, 1,000 or 2,000 HZ. In the ABR assessment, a 95 dBHL click evoked no ABR waveforms in the left ear and normal ABR waveforms in the right ear. The auditory threshold of the right ear was 85 dBHL. Neither the right or left ear passed the transient OAE (TEOAE) or distortion product OAE assessments. These results indicated that the combined mutations in the SLC26A4 and GJB3 genes may have resulted in a severe hearing loss.
Deafness, or hearing loss, is one of the most common birth defects worldwide. Statistically, 1/500 newborns has bilateral permanent sensorineural hearing loss (>40 dBHL) (1) . The exact pathologic mechanism of deafness remains to be fully elucidated. The GJB2, GJB3, SLC26A4 and 12S RNA genes are considered to be closely associated with inheritable deafness (16) (17) (18) . By examining the nucleotide sequence of these genes in a Chinese family, a deaf patient carrying combined heterozygous mutations in the SLC26A4 and GJB3 genes was identified in the present study. The clinical data of this patient showed severe hearing loss.
Although patients with deafness have been shown to harbor the same mutations, the clinical phenotype of inheritable nonsydromic deafness varies (14, 19, 20) . The results of the present study indicated that combined heterozygous mutations of the SLC264 and GJB3 genes may result in severe hearing loss. These results contribute to the understanding of clinical phenotype of deaf patients carrying combined mutations in the SLC26A4 and GJB3 genes. These conclusions require further confirmation in other patients carrying similar mutations. Further functional investigations are also required to reveal the molecular mechanism underlying deafness associated with these three heterozygous mutations in the SLC26A4 and GJB3 genes.
